Tetrapods have two distinct nasal chemosensory systems, the main olfactory system and the vomeronasal system (VNS). Defined by certain morphological components, the main olfactory system is present in all groups of vertebrates, while the VNS is found only in tetrapods. Previous attempts to identify a VNS precursor in teleost fish were limited by functional and morphological characters that could not clearly distinguish between homologous and analogous systems. In the past decade, several genes that specifically function in the VNS have been discovered. Here we first describe recent evolutionary studies of mammalian VNS-specific genes. We then review evidence showing the presence and tissuespecific expression of the VNS-specific genes in teleosts, as well as co-expression patterns of these genes in specific regions of the teleost olfactory epithelium. We propose that a VNS precursor exists in teleosts and that its evolutionary origin predated the separation between teleosts and tetrapods.
Introduction
Nearly two centuries ago, Ludwig Jacobson described a new organ in the nasal cavity of mammals. (1) This organ is now known as Jacobson's organ or the vomeronasal organ (VNO), because of its proximity to the vomer bone in the nasal cavity. The location of this organ suggests that it is involved in detecting smells ( Fig. 1) . Indeed, the vomeronasal system (VNS) is used for nasal chemoreception, but it is secondary to the main olfactory system (MOS), in both its size and evolutionary origin. The MOS is found in almost all vertebrates, (2) while the VNS is tetrapod-specific, found only in amphibians, reptiles, and mammals. In most taxa with both types of nasal chemosensory systems, the main olfactory epithelium is much larger in area than the VNO sensory epithelium. However, exceptions to this rule are abundant in some groups of snakes and lizards. Why do some vertebrates need two nasal chemosensory systems? This question is difficult to answer because the functions of the two systems are not distinctively different. It was initially thought that the MOS is used to detect environmental chemical cues while the VNS is a terrestrial adaptation for detecting volatile pheromones, which are chemical cues released and sensed by individuals of the same species. In tetrapods, experiments confirmed that the VNS plays an important role in pheromone-mediated behaviors, such as reproduction and parenting. (3) (4) (5) (6) (7) (8) However, studies also found other roles for the VNS. For example, in both amphibians and reptiles, the VNS plays a role in foraging. (4, (9) (10) (11) Additionally, the MOS can mediate pheromone-induced behavior, (12, 13) and known pheromones excite both the main olfactory bulb, the region of the brain excited by the MOS, and the accessory olfactory bulb (AOB), the region of the brain excited by the VNS. (14) Thus, despite their distinct morphologies, the MOS and VNS are functionally related. To determine whether this interrelatedness is due to functional convergence or shared evolutionary ancestry, it is important to understand the evolutionary origins of the two systems. To address the above evolutionary question, one has to be able to recognize the VNS. Originally, the VNS was characterized solely by two morphological features, the VNO and the
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Abbreviations: AOB, accessory olfactory bulb; CaSR, Ca 2þ -sensing receptor; DAG, diacylglycerol; GPCR, G-protein coupled receptor; IP 3 , inositol 1,4,5-triphosphate; MOS, main olfactory system; OR, odorant receptor; ORF, open reading frame; PLC, phospholipase C; T1R, sweet/umami taste receptor; T2R, bitter taste receptor; Trpc2, transient receptor potential cation channel, subfamily C, member 2; V1R, vomeronasal receptor superfamily 1; V2R, vomeronasal receptor superfamily 2; VNO, vomeronasal organ; VNS, vomeronasal system. AOB (Fig. 1) . These key morphological components appear first in amphibians and are absent in teleosts and lungfishes. (15) Because the morphological components of the VNS apparently arose in amphibians, Bertmar (16) hypothesized that the VNS originated in early tetrapods as an adaptation to terrestrial life. Eisthen (15) rejected this hypothesis because the VNS develops during the aquatic larval stage of amphibians and is apparently important in both aquatic and terrestrial stages. Recent evolutionary studies support the view that the VNS did not arise as an adaptation to terrestrial life, but fail to offer an alternative, stating only that the VNS originated in early aquatic amphibians. (17, 18) If the VNS did not arise as a terrestrial adaptation, perhaps a homologous or precursor system exists in fish. Since the VNS is hypothesized to detect pheromones, Dulka (19) compared the goldfish sex pheromone system to the VNS. While acknowledging functional and anatomical similarities in terms of distinct brain regions innervated by different olfactory neurons, a comparison based solely on morphological and functional similarities between fish and tetrapod receptor cells did not provide sufficient evidence to conclude whether these systems are homologous or analogous. (19) However, Eisthen (15) suggested that the teleost microvillar olfactory cells correspond to the tetrapod microvillar vomeronasal cells while the teleost ciliated olfactory cells correspond to the tetrapod ciliated olfactory cells. Hence, the teleost microvillar olfactory cells could represent an unrecognized form of VNS in teleost fish. (15) How could this be verified? (20) In the past decade, VNS-specific geneshave been identified and, presuming they maintain their system-specific functions in non-tetrapod vertebrates, this supports the presence of a VNS precursor. The signal transduction pathway for VNS chemoreception has become increasingly clear in recent years ( Fig. 1 and reviewed in Ref. 21 ). The signal is initiated by a ligand binding to one of two types of VNS-specific G-protein-coupled receptors (GPCRs). This binding alters the conformation of the receptor, leading to the release of the G protein, which activates phospholipase C (PLC). The activated PLC increases levels of two secondary messengers, diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP 3 ). (22) Both DAG and IP 3 increase the intracellular calcium level; DAG by activating the Trpc2 channel allowing an inward calcium flux and IP 3 by allowing the release of intracellular calcium stores. While some of these signal transduction molecules are common to other signal transduction pathways, three types of VNS genes (V1Rs, V2Rs, and Trpc2) are known to function in the VNSspecific chemoreception. The functions of these genes have been recently reviewed. (23, 24) Here we focus on the evolution of these genes with the hope of understanding the origin and evolution of the VNS. Compared with the current view of VNS evolution based on morphological components, the evolution of these VNS-specific genes would give a different perspective. Below we first describe the evolution of VNS-specific genes in mammals. We then show that homologous genes are found in non-tetrapod vertebrates and describe the evolution of these genes in teleost fish. Finally, we discuss expression studies that indicate an earlier origin of the VNS signal transduction pathway.
V1Rs: a vomeronasal receptor gene superfamily Vomeronasal receptors belong to two large unrelated GPCR superfamilies, V1Rs and V2Rs. (25) (26) (27) (28) V1Rs were first identified from rat VNS neurons and, like odorant receptors (ORs), were predicted to represent a large (100 genes) superfamily. (25) Also like ORs, V1Rs have intron-less coding regions.
Surprisingly, V1Rs are not closely related to ORs but instead are most closely related to T2R bitter taste receptors. (29) V1Rs
are expressed in the apical VNS sensory neurons in rodents and coupled to G ai2 G proteins. (21) Besides VNS expression, nine V1R genes were found to be expressed in the testis and hypothesized to play a role in sperm maturation or migration. (30) However, when these and other V1Rs were knocked out, the mutant mice were fertile. (6) Therefore, V1Rs are known to function only in the VNS. The knockout study also indicated that the V1Rs play a role in pheromone communication as the mutant mice showed reduced maternal aggression and decreased male sexual behavior. (6) Additionally, VNS neurons with a mutated form of the gene V1Rb2 did not respond to 2-heptanone, a known mouse pheromone. (31) These two studies demonstrate that at least some V1Rs are pheromone receptors, but they do not exclude the possibility that other V1Rs can detect non-pheromonal chemicals. In any case, because the functions of V1R receptors are VNS specific, the evolution of mammalian V1Rs indicate the evolution of the mammalian VNS. Because of their simple structure, V1R genes have been identified in many mammals, and the full repertoires have been described for representatives of five placental and marsupial mammalian orders based on analyses of complete genomes sequences (Fig. 2) . (29, (32) (33) (34) (35) (36) (37) Mouse and rat V1R genes can be divided into 15 families based on amino acid sequence identity and phylogenetic relationships. (29, 36) Most of these families were present at the time of the placental mammal radiation. (33, 36) A comparison between mouse and rat V1Rs revealed mechanisms by which species-specific V1R repertoires were generated. For example, a V1R family that existed in the mouse-rat common ancestor may be lost entirely in the rat lineage and thus appear to be mouse-specific. (33, 35, 37) Because mice and rats have large repertoires of functional V1Rs (37) and humans (with a nonfunctional VNS) have a large number of V1R pseudogenes, (32) it was expected that all Figure 2. Phylogenetic reconstruction of putatively functional V1Rs containing single genes from 5 teleost species, (62) 187 mouse genes, (49) 106 rat genes, (49) 32 cow genes, (36) 49 opossum genes, (36) and 8 dog genes. (36) Placental mammalian V1R families are condensed as black triangles and denoted with V1R family names from ref. 36 . Opossum V1R families are condensed as open triangles and denoted with oV1R family names from ref. 36 . Teleost V1R genes are condensed as a gray triangle. The arrow indicates where the tree is rooted with T2Rs as an outgroup. Bootstrap percentages greater than 70 are given. The tree was reconstructed using the neighborjoining method (76) with Poisson-corrected protein distances. The scale bar shows 0.2 amino acid substitutions per site. Phylogenetic reconstruction made in MEGA3. mammals would have a large V1R repertoire. However, subsequently released mammalian genome sequences showed that a large V1R repertoire is not a general trend in mammals. (35, 36) For example, dogs and cows have only 8
and 32 functional V1R genes, respectively. (35, 36) In fact, the among-species variation in the number of functional V1R genes is the largest among all known gene families of mammals. (36) What accounts for this dramatic variation in the size of themammalian V1R repertoire? First, lineage-specific duplications may explain the size difference. Initial studies of rodent V1R evolution suggested that the large gene family arose from duplications around the time of the mouse-rat divergence. (38, 39) However, some V1R families have duplications either much older or much younger than the mouse-rat divergence. (33) Lane et al. (38, 39) suggested that rodent V1R duplications were mediated via L1 repetitive element activity. While these elements are found in high density near the rodent V1R clusters, they are not found in high density around the dog V1R genes, (36) suggesting that the repertoire size difference may be due in part to the lack of a mechanism to generate new V1R genes. Second, the V1R repertoire size appears correlated with the morphological complexity of the VNO. Takami (40) described three different complexity levels of the mammalian VNO. Rodents and opossums have the most complex type of mammalian VNO with a thick layer of sensory epithelium. Interestingly, these organisms have the largest V1R repertoires among mammals. (36) Dogs and cows have a less complex VNO with a much thinner layer of sensory epithelium, and these mammals have smaller V1R repertoires. (36) In humans, the VNO is either absent or nonfunctional and humans and chimpanzees have only a few V1Rs with intact open reading frames (ORFs). (41) Finally, the difference in repertoire size could be due to functional differences between the VNS of the different mammals (although this difference might also be related to VNO complexity). The different V1R families might also vary in function. However, without knowing the exact function of the VNS (42) or the V1Rs, the effect of function on repertoire size remains difficult to evaluate. These explanations for the size variation of V1R repertoires could be further tested with complete V1R repertoires from additional species. However, the rapid evolution of this gene superfamily makes it difficult to design primers that will amplify homologous genes across species. (43) Such cross-species amplifications probably work only in closely related species and give only a subset of the V1R repertoire. (43) Comparisons of V1R subsets have been done on many primate species in an attempt to compare the V1R repertoires of primates with a functional VNS and those with a nonfunctional VNS. (43, 44) However, these studies mainly identified pseudogenes regardless of whether or not the primate species has a functional VNS.
Because pheromones are intraspecific signals, it would be interesting to examine sequence variation of V1Rs within a species and that between two closely related species. Using two different mouse genome sequences, Zhang et al. (34) identified variations in the V1R repertoires between different strains of mice. Their results suggest that the rate of nonsynonymous changes exceeds that of synonymous changes, a signal of positive Darwinian selection. However, the observed between-strain differences may have been a result of mouse breeding (and thus artificial selection). The natural levels of and evolutionary forces on intraspecific V1R variations remain unclear. The intraspecific variations of the five human V1R genes with ORFs have also been studied (41) and the results appear to indicate that these five genes are evolving neutrally, consistent with the hypothesis that they are relics of an on-going pseudogenization process.
V2Rs: another vomeronasal receptor superfamily
In contrast to V1Rs, V2Rs have a more-complex gene structure with multiple introns breaking the coding region. As a result, mammalian V2R evolution has not been studied in as much detail. V2Rs are closely related to the Ca 2þ -sensing receptors (CaSRs) and metabotropic glutamate receptors and are homologous to T1R sweet/umami taster receptors. But, interestingly, V2Rs do not show significant sequence similarity to either V1Rs or ORs. Despite their complexity, V2R genes were the first type of VNS-specific genes identified in nonmammalian taxa. (45, 46) Their expression in rodent basal sensory neurons also makes them spatially segregated from the V1Rs, and there they couple to G ao G proteins. (21) V2R expression has also been detected during mouse embryonic development in the VNO as well as other neural tissues. (47) The V2R function during development in these neural tissues is not well understood, but other molecules in the V2R signaling cascade were also expressed in these tissues, indicating that V2Rs might contribute to neural functions during development. (47) Does this extra-VNS function discount V2Rs as suitable genetic markers for a VNS precursor? While developmental V2R expression should be evaluated in other vertebrates, given the limited distribution of V2Rs among mammals (putatively functional V2Rs have only been identified in mice, rats and opossums; P. Shi and J.Z., unpublished), the role of V2Rs during development is likely newly derived rather than ancestral. In fact, only mammals with the mostcomplex VNO type (40) seem to have segregated expressions of G proteins in the VNO that correspond to V1Rs and V2Rs, (48) whereas those with the less complex VNOs appear to lack functional V2Rs. (36) If the developmental function of V2Rs is both ancestral and essential, it would have been conserved across the mammalian taxa. Despite having a more limited mammalian distribution, functional V2R repertoires can also provide a new view on VNS evolution. The identified functional V2R repertoires are smaller than the V1R repertoires in mice and rats. (37, 49) Based on protein sequence similarity and phylogenetic relationships, V2Rs are divided into three families (A-C). (49) Determined from a phylogenetic reconstruction of V2Rs, CaSRs and T1Rs, the three V2R families are not monophyletic (Fig. 3) . (49) Thus, V2Rs may have had two independent origins (A/B and C). (49) Similar to V1Rs, the V2Rs exhibit rapid evolution characterized by gene-sorting, differential gains and losses of gene family members across species. (49, 50) Additionally, the long Nterminal region is targeted by positive selection for amino acid substitutions. (49) While the rapidly evolving V1Rs and V2Rs explain the evolution of the VNS within mammals, a more-conserved gene is necessary for studying the evolution of the VNS between vertebrate classes. Trpc2 is one such gene.
Trpc2 channel protein shows VNS-specific function
Besides the vomeronasal receptor superfamilies, the signal transduction channel protein Trpc2 (also known as Trp2) is specific to the VNS. Trpc2 is a member of the Trp gene family, which has been highly conserved among distantly related invertebrates and vertebrates. From the rat VNO, Liman et al. (51) identified Trpc2 expression. This gene was the homolog of a mouse Trp gene that is also expressed in the testis. (52) However, testis expression was not observed in rat. (54) Trpc2 may have an additional function in the testis that is different from its role in the VNS. As Trpc2 is alternatively spliced, splice variants might correspond to these two functional variants. Intact Trpc2 genes have been found in taxa with a VNS, while Trpc2 pseudogenes are identified in those taxa that lack a functional VNO, (41, 55) suggesting that Trpc2's role in testis, if it exists, is not universally important. Thus, the main role of Trpc2 is in the VNS. Mutant mice for Trpc2 showed difficulty distinguishing genders, decreased aggressive behavior and decreased territoriality, (7, 8) supporting Trpc2's involvement in pheromone detection. Two evolutionary studies of the VNS focused on the pseudogenization of Trpc2 in primates. (41, 55) These studies find that, while Trpc2 in New World monkeys remains putatively functional, Old World monkeys and hominoids (humans and apes) have a pseudogenized copy of Trpc2. (41) A shared stop codon among Old World monkeys and hominoids indicates that Trpc2 was pseudogenized in the common ancestor of these two groups. (41) The inactivation of Trpc2 about 23 million years ago could possibly be the result of the shift to the full trichromatic visual communication from pheromonal communication. (41) Similarly, Trpc2 is not found in the chicken genome, consistent with the lack of the VNS in birds. The parallel loss of Trpc2 and a functional VNS indicates that the evolution of this gene reflects the evolution of the VNS and demonstrates the validity of the approach of using Trpc2 as a marker for studying VNS evolution. Not all VNS genes are suitable markers of VNS evolution In addition to V1Rs, V2Rs and Trpc2, there are other genes that function in the VNS. Why do we focus on these three types of genes? First, to establish the presence of a homologous physiological system (or a system precursor) by the presence of homologous genes, the gene must be system-specific. (56, 57) Therefore, components of the VNS signal transduction pathway that are also found in other signal transduction pathways, such as PLC, DAG, IP 3 , G ai2 or G ao , are not suitable markers for studying the origin and evolution of the VNS. Additionally, genes that function in the VNS of a small number of evolutionary lineages are not useful because those genes are not part of the ancestral molecular definition of the system. For example, rodent V2Rs selectively co-express with M10 and M1 families of MHC class 1b molecules. (58, 59) M10 molecules function as escort molecules in the transport of V2Rs to the cell membranes of VNS neurons. (58, 59) However, this association appears to be rodent-specific, and thus MHC class 1b molecules cannot be used to establish a homologous system in non-tetrapod vertebrates. (59) Only those genes with ancestral and system-specific function can be used to trace VNS evolution. However, the presence of these genes would not suggest that the VNO arose earlier in vertebrate evolution. Rather, it would suggest that the molecular genetic architecture of the VNS arose earlier in vertebrate evolution. While some genes change function and expression over time, (60) identifying these genes functioning together in specific cells and pathways would strongly support the presence of an earlier origin for the VNS.
VNS-specific genes suggest an earlier origin of the VNS-signal transduction pathway Initial attempts to isolate V1R sequences from non-mammalian tetrapods were unsuccessful. (61) However, a single V1R gene was recently identified from the olfactory organ of several teleost fishes. (62) Interestingly, these teleost V1Rs do not exhibit the same gene-sorting evolutionary pattern found in mammalian V1Rs (33, (35) (36) (37) 62) When a phylogenetic reconstruction of the vertebrate V1Rs is rooted with T2Rs, the V1Rs form a monophyletic clade, indicating a single origin for this gene superfamily. The mammalian V1Rs and the previously identified teleost V1Rs are reciprocally monophyletic (Fig. 2) . If this topology is correct, a single ancestral V1R was present in the common ancestor of teleosts and tetrapods. This topology could be further confirmed by including intermediate taxa (i.e. amphibians or reptiles) in the V1R phylogeny when V1R sequences from these taxa become available.
In contrast to V1Rs, multiple V2Rs have been identified from several teleost taxa. Studying the olfactory epithelium of goldfish, Cao et al. (45) found segregated expression of two types of chemosensory receptors similar to ORs and V2Rs. Additionally, V2Rs were identified in frogs and other teleost fishes. (46,61,63 -66) The discovery of vomeronasal receptors in teleost fish, coupled with the previous receptor cell type studies, (15, 19) suggests that a VNS precursor exists in teleost fish. Teleost genes in this family have been called ''V2R-like'' genes. (63) However, as shown in Fig. 3 , the teleost receptors cluster with the tetrapod V2Rs and, thus, on the molecular level are vomeronasal receptors. In addition to the rat and mouse, the V2R repertoire of zebrafish has been described. (66) Teleost V2Rs were identified from each of the two independently evolved V2R types (Fig. 3) , indicating that both of these two types existed in the common ancestor of teleosts and tetrapods. The evolution of the teleost V2Rs is similar to that of mammalian V2Rs, with species-specific expansions (Fig. 3) . While the V1R repertoire probably expanded in tetrapods and the V2R repertoire expanded in both tetrapods and teleosts, both V1R and V2R genes were Figure 4 . Phylogenetic reconstruction of mouse Trpc proteins and rat, cow, and zebrafish Trpc2 proteins. The tree is rooted with Drosophila melanogaster Trp and Trpl proteins. Bootstrap percentages are given. The tree was reconstructed using the neighbor-joining method (76) with Poisson-corrected protein distances. The scale bar shows 0.1 amino acid substitutions per site. Phylogenetic reconstruction made in MEGA3. (77) (Genbank accession nos. for mouse Trpc1, Trpc3-7 are NP_035773, NP_062383, NP_058680, NP_033454, NP_038866, and NP_036165. Genbank accession nos. for mouse, rat, cow, and zebrafish Trpc2 are NP_035774, NP_072160, CAA06964, and NP_001025337. Genbank accession nos. for D. melaogaster Trp and Trpl are NP_476768 and NP_476895).
apparently present in the common ancestor of teleosts and tetrapods.
Trpc2 was also present in the common ancestor of teleosts and tetrapods. Previously, Trpc2 was detected in the musk turtle (Sternotherus odoratus) in a study of the signal transduction of the VNS, but it was not sequenced or characterized. (67) Additionally, a secondary messenger in the signal transduction cascade for Trp proteins, IP 3 , functions in VNO neurons in frog, snake, and turtle, suggesting that Trpc2 is also a component of the amphibian and reptilian VNS. (68) (69) (70) Trpc2 expression has also been observed in zebrafish olfactory epithelium. (65) Phylogenetic analysis shows that the zebrafish Trpc2 gene clusters with the mammalian Trpc2 clade with high bootstrap support (Fig. 4 ) and shares about 65% protein sequence identity with mammalian Trpc2 orthologs. Identifying VNS-specific genes from teleosts indicates that the genetic components of the VNS-specific signal transduction pathway are present outside of tetrapods. Observed tissue specific-expression patterns of VNS-specific genes in teleosts provide further support for the existence of a VNS precursor in teleost fish (Fig. 5) . (21, 45, 46, 62, 63, 65) Rodent VNOs show the segregated expression of vomeronasal neurons expressing either V1Rs or V2Rs. The V1R-expressing neurons coupling with G ai2 G proteins are spatially distinct from the V2R-expressing neurons which couple with G a0 G proteins. (21) This V2R/G a0 coupling was also identified in goldfish olfactory epithelium, where V2R expression was detected in olfactory neurons immunoreactive to G a0 but not in neurons immunoreactive to G olf (Fig. 5a) . (63) This coupling in a teleost fish indicates that the VNS-specific G-protein/receptor pair existed prior to tetrapods. Furthermore, Trpc2 expression in the teleost olfactory epithelium is limited to the regions that also express teleost V2Rs, and Trpc2 expression was not found in the regions where ORs are expressed (Fig. 5b) . (65) These coexpression studies further suggest that the VNS-specific signal transduction pathway existed before the emergence of the morphologically defined VNO in tetrapods (Fig. 6) . Taken together, strong genetic evidence supports a precursor to the VNS in teleost fish. However, this conclusion uncovers a nomenclature problem. The signal transduction pathway exists in taxa where the VNO clearly does not. Thus, the name of the system is problematic as it excludes taxa that have the system-specific signal transduction pathway. Alternative names already present in the literature include accessory olfactory system or peripheral olfactory system. However, to eliminate such hierarchical naming of the vertebrate nasal chemosensory systems, it could simply be called the alternative olfactory system. Such renaming could eliminate the need to add ''-like'' (e.g. ''V1R-like'') (62, 71) to vomeronasal receptors that are, at the molecular level, vomeronasal receptors. Regardless of the name, our analysis unequivocally reveals that the VNS did not arise as a terrestrial adaptation.
Conclusions
While most studies of gene evolution focus either on relationships between species or on relationships between genes within a gene family, a third dimension of molecular evolution is using gene evolution to infer the evolution of a physiological system. (57) Here, we used this approach to determine if understanding the evolution of VNS-specific genes would help understand VNS evolution. Strictly from a morphological standpoint, the VNS exists only in tetrapods. Because the hypothesis that the VNS arose as a terrestrial adaptation was rejected, researchers have hypothesized that a precursor system exists in teleost fish. Although teleost fish lack the morphological components of the VNS, teleost homologs of VNS-specific genes have been identified. This and other evidence strongly suggests that the VNS-specific signal transduction pathway existed in the common ancestor of teleosts and tetropods. What is the function of this precursor VNS in teleosts? Some studies indicate that teleost microvillar olfactory receptor cells respond to sex pheromones, (72) indicating that the precursor function is similar to one of the recognized functions of tetrapod VNS. Additionally, since V2Rs have been found to detect proteins, while V1Rs detect smaller volatiles, (73) the precursor system (with many more V2Rs than V1Rs) might be involved in detecting proteins or amino acids and involved in foraging. Regardless, since function can change rapidly, teleost VNS and tetrapod VNS may not have identical functions. In fact, the precursor system Figure 6 . Vertebrate phylogeny reflecting both morphological and genetic aspects of VNS evolution. Note that amphioxus is commonly believed to be the closest invertebrate relative to vertebrates. However, tunicates are recently proposed to be the closest relatives to vertebrates based on molecular phylogenetics. (78) might date back even further than the common ancestor of teleosts and tetrapods. To trace the origin of the pathway and VNS, it would be interesting to examine if it exists in even earlier diverging vertebrates, such as sharks, lampreys and even amphioxus (which is the closest invertebrate relative to all vertebrates). Another interesting question is the evolution of VNS in various vertebrate groups. Like the pseudogenization of VNS-specific genes in birds and some primates, the genes might show independent pseudogenizations in other tetrapods that lost the VNS (e.g. some bats). (18, 74) Additionally, what will the VNS-specific genes reveal about VNS evolution in squamates (snakes and lizards), which have the mostcomplex VNO type? (40) We believe that the evolutionary studies of VNS-specific genes have opened a new dimension of VNS research that would broaden and deepen our understanding of the structure, function and evolution of this both fascinating and enigmatic system. We also believe that the same approach can be used to study other physiological systems, particularly in this era of interdisciplinary, integrative and systems biology.
